







role of the ocean-atmosphere-ice (OAI) system. Sea
ice, at the interface in this system, is clearly the distin-
guishing characteristic that differentiates polar oceans
from all others. The temporal and spatial distribution
of this sea ice reflects a complex interaction between
the ice, ocean and atmosphere. The complexities are
underscored by the fact that the sea ice (and snow cov-
er) plays a central role in the surface heat balance
through its high albedo and ice-albedo feedbacks, ice-
cloud feedbacks, strong insulation capability that min-
imizes the ocean-atmosphere exchange of heat and at-
mospherically-active gases, and ability to influence
the ocean sensible heat flux. The latter is due to the
role of sea ice in the upper ocean stratification, partic-
ularly through its prominent role in the surface fresh-
water balance and its salt rejection during ice growth,
and its ability to modify the atmosphere-ocean mo-
mentum transfer.
Much of my research has involved process-ori-
ented modelling studies and field programmes de-
signed to better understand and quantify these
complex OAI interactions and their role in the ice dis-
tribution, underlying ocean stratification and deep wa-
ter formation. Such studies typically fall under the
auspices of CLIVAR's companion WCRP pro-
gramme: ACSYS, as well as SCOR and SCAR pro-
grammes, all of which, among other things, strive to
improve our understanding of the important regional
and local polar processes underlying the global scale
impacts and interactions. Of more direct interest to
CLIVAR itself, particularly Section D5 of the CLI-
VAR Implementation Plan, I and a Lamont colleague,
Xiaojun Yuan, have undertaken a study designed to
identify the linkages between the Antarctic polar sea
ice fields and global climate (Yuan and Martinson,
1998). Simultaneously, I and another Lamont col-
league, Richard Iannuzzi, have been examining the
nature of the spatial and temporal distribution of the
upper ocean characteristics within the polar gyres in
an attempt to identify those physical changes in the
polar ocean that covary with the extra-polar climate
variations (Martinson and Iannuzzi, 1998, and work in
progress).
With regard to our study investigating the role
of Antarctic sea ice in global climate, our specific ob-
jectives were to quantify: (1) the variability docu-
mented in Antarctic sea ice fields themselves in an
effort to identify specific patterns of variability and
their characteristics; and, (2) the distribution and sig-
nificance of linear covariations between the Antarctic
sea ice fields and regional climate elsewhere on the
globe. With regard to the latter, we wished to identify:
regions around Antarctica with the strongest global
connectivity; extra-polar regions with strongest links
to the Antarctic sea ice fields; and linkages with fun-
damental modes of climate variability (e.g. ENSO,
PNA, NAO, etc.).
For convenience, we used 16 years of satellite
microwave data to generate a sea ice edge (SIE) index
reflecting monthly anomalies from climatology of the
northernmost latitude of the ice edge. The index was
detrended and binned into 10 degree bands around
Antarctica (which approximates the spatial decorrela-
tion length). These SIE anomaly time/space series
were then compared to extra-polar climate data con-
sisting of: (1) Jones' (1986) monthly mean near-sur-
face temperature anomaly data for the globe on a 5˚ x
5˚ grid from 1975 to 1993; (2) the time series (princi-
pal components) of the leading EOFs for the near sur-
face temperature data; and (3) standard climate
indices such as Niño-3 (an ENSO proxy), a tropical
land precipitation index (28˚S - 28˚N), a tropical Indi-
an Ocean SST index (an Indian monsoon intensity
proxy), and indices for the NAO and PNA. Particular
care was given to evaluating the statistical signifi-
cance of the extensive correlations using Monte Carlo
and resampling statistics to account for spatial and
temporal correlations inherent in the data.
Variability within the Antarctic sea ice fields is
characterized as follows. Spatially, the SIE anomaly is
strongest in regions around the Antarctic: the eastern
Pacific (Amundsen and Bellinghausen Seas; 50-90˚
W), eastern Weddell gyre/western Indian Ocean (0-
50˚ E) and Weddell Sea (20-30˚W). Temporally, the
variability is concentrated roughly in cycles of 1-2 and
4-5 years. The 4-5 year cycle is associated with a co-
herent mode of behaviour that displays a wavenumber
2 pattern that has been named the Antarctic Cir-
cumpolar Wave by White and Peterson (1996). This
pattern is clearly apparent without any filtering of the
data, and it shows eastward propagation of the SIE
anomaly, strong covariability with ENSO and even
stronger covariability (though only marginally so)
with the Asian monsoon index. The spatial coherence
of this pattern appears to be constrained to the three
primary gyre regions around Antarctica, with little
signature between them. This suggests to us that the
signal is not spatially continuous in the SIE, and there-
fore, likely to represent the individual response of
each polar gyre to a spatially-continuous atmospheric
forcing. The 1-2 year cycle appears to be regional in
extent and does not show any clear evidence of prop-
agation.
The Antarctic sea ice fields display significantly
more strong and significant correlations with the sur-
face temperature elsewhere on the globe than expect- 
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Ice cores offer the opportunity to obtain high
resolution (annual or even seasonal) records and give
access on a continuous and largely quantifiable basis
to the most important climatic parameters. Except for
regions such as the East Antarctic Plateau where accu-
mulation is too low, the existence of seasonal varia-
tions in the isotopic or chemical composition of the
ice allows accurate dating and, correspondingly, accu-
rate estimates of the annual precipitation. Information
on local temperature changes can be inferred from the
deuterium or oxygen 18 content of the ice whereas an-
nual accumulation can be estimated from the exist-
ence of seasonal variations. Information about
atmospheric circulation can be retrieved from the
changes in the concentration of aerosols or chemical
compounds. In parallel, the analysis of trapped air
bubbles and of various impurities contained in the ice
allows reconstruction of changes in the chemical and
gaseous composition of the atmosphere. This gives
access in particular to the concentration of aerosols of
various origin (terrestrial, marine, volcanic, anthropo-
genic or cosmogenic) and of greenhouse gases.
EPICA is a long-term (~7 years) European deep
ice-core drilling project in Antarctica to derive high
resolution records of climate and atmospheric compo-
sition through several glacial-interglacial cycles. The
project, in which 10 European countries are involved,
is designed to complement the highly successful cen-
tral Greenland projects and it will allow extension and
full documentation of the East Antarctic record so far
essentially limited to the analysis of the Vostok core.
To achieve EPICA's goals, it will be necessary to drill
at two sites, both to achieve the required resolution on
different time scales and an adequate continent-wide
perspective. The first phase (1996-2000) focusses on
the major climate shifts that have characterized the
past several glacial interglacial cycles. This will be
done by analyzing a 3500 m long ice core drilled at
Dome Concordia, south of the Indian Ocean in East
Antarctica. A core from this location, which is ideally
placed to secure an undisturbed long record, will al-
low examination of the relative phasing of climate and
climate-forcing parameters associated with these ma-
jor climate-change events. During the second phase of
the project, a core will be obtained from Dronning
Maud Land, an area of Antarctica most strongly influ-
enced by the Atlantic ocean, and a region of somewhat
higher annual snowfall rate and thinner ice cover. This
phase of the project is designed to focus specifically
on the rapid climate oscillations that have been detect-
ed across Greenland throughout the last glaciation,
and that are believed to have been associated with
mode-shifts in the Atlantic thermohaline circulation.
Recent results have shown those North Atlantic rapid
changes have counterparts in Antarctica and it is use-
ful, and probably indispensable, to decipher the links
between northern and southern hemisphere climate if
we want to fully understand their behaviour. In this re-
spect, obtaining high resolution records of the Antarc-
tic climate is of relevance to CLIVAR.
 











central Greenland ice core GRIP. The precision of
the d measurements is +/- 0.9 permill. The excess
signal is interpreted as a signal transporting informa-
tion on the climatic conditions (temperature, relative
humidity) in the vapour source region to the deposi-
tion site. The anomalous low deuterium excess in the
18th and 17th century indicates about 1 degree cooler
conditions in the subtropical North Atlantic and thus
corresponds to a cool period in Europe known as the
Little Ice Age.
 
In MileClim, also a European project, informa-
tion derived from ice-cores, corals and tree-rings will
be combined to study the decadal-centennial climatic
variability by looking at long time series of climatic
and oceanographic parameters in the North Atlantic
area over the last few centuries. In relatively high ac-
cumulation areas such as central Greenland ice cores
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in various indices and absolutely dated volcanic
events. Whereas past temperatures can be estimated










O additional information on the water cycle can be
obtained from the combination of these two isotopes











deuterium-excess of a precipitation depends on the
conditions (temperature, relative humidity and wind-
speed) prevailing in the oceanic source region, and
model results support the idea that polar deuterium ex-
cess values contain information on meteorological
conditions at distant evaporative sources. For exam-
ple, we interpret the deuterium-excess decrease seen
in the GRIP record between years 1640 and 1800 (see
Figure 1) as reflecting lower temperatures in the North
Atlantic during the Little Ice Age. This result, ob-
tained in collaboration with the Geophysical Institute
in Copenhagen, illustrates one promising use of water
isotopes in ice cores in the context of CLIVAR.
Jean Jouzel is with the Laboratoire des Scienc-
es du Climat et de l'Environnement (LSCE), a joint
laboratory between the French Atomic Energy
agency (CEA) and the Centre National de la Recher-
che Scientifique (CNRS). In this laboratory located
near Paris (Saclay and Gif sur Yvette) he is in
charge of the climate group. Jean Jouzel has worked
at CEA Saclay since 1968 and has also been with
CNRS from 1988 to 1995 (as associate Director of
LGGE, Laboratoire de Glaciologie et Géophysique
de l'Environnement, in Grenoble). A geochemist,
Jean Jouzel is a specialist of water stable isotopes in
precipitation (deuterium and oxygen 18) and of their
use to reconstruct past climates from ice cores. 
As a result of isotopic fractionations that occur
at each phase change of the water during its atmos-
pheric cycle, the isotopic content of a precipitation
strongly depends on the meteorological conditions
that have prevailed from the origin of the air mass to
the precipitation site. The present-day isotopic distri-
butions are well documented with, at middle and high
latitudes, a linear relationship between water isotopes
and surface temperature particularly well obeyed over
polar ice caps. Jean Jouzel has dedicated part of his re-
search to modelling the relationship between the deu-
terium and oxygen 18 content of precipitation and
meteorological parameters. This encompasses the de-
velopment of dynamically simple isotopic models in
which the complexity of the fractionation processes
that occur in an air mass can be explicitly treated, as
well as the implementation of water isotopes in atmos-
pheric General Circulation Models. In this latter case,
fractionation processes are highly parameterized but
the dynamical complexity of the atmospheric process-
es leading to the formation of precipitation can be tak-
en into account. One of the advantages of isotopic
GCMs is that they allow to simulate isotopic distribu-
tions for different climate conditions such as those of
the Last Glacial Maximum. It is through this isotopic
approach that he gained interest in paleoclimate mod-
elling and initiated the launching of PMIP (Paleocli-
mate Modelling Project) which under the
responsibility of Sylvie Joussaume and Karl Taylor is
now one key element of the global modelling effort in
the CLIVAR programme. 
One of the most useful characteristics of water
isotopes is that they allow reconstructing past temper-
ature changes from the isotopic content of ancient pre-
cipitation; even if the present-day relationship
between cannot be directly used for interpreting pale-
odata it is recognized that the change in water isotopic
contents registered in ice cores is a faithful paleother-
mometer. Polar, and more recently tropical, ice cores
have provided climatic series covering a variety of
time scales. In close collaboration with his colleagues
of LGGE Grenoble, Jean Jouzel has been involved in
major international ice coring programmes, Vostok in
Antarctica (collaboration between Russia, France and
USA) and GRIP, a European Programme conducted
in Central Greenland; he is currently chairman of EP-
ICA (European Programme for Ice Coring in Antarc-
tica). 
Vostok records have shown the existence of a
relationship between the concentration in greenhouse
gases and climate at the glacial-interglacial time
scales whereas, along with the US GISP2 data, GRIP
records have played a key role in the discovery of
abrupt climatic changes in the past. These are two ex-
amples of the relevance of paleodata to climate
change in general and indeed Jean Jouzel has long
been convinced of the usefulness of paleoclimate data
and modelling in the context of programmes dedicat-
ed to current and future climate changes. It is with this
motivation that he has been, or is, part of PAGES (the
PAst Global ChangES of IGBP) of PAGES/CLIVAR,









tropical Atlantic sector centres on the role of the trop-
ical Atlantic Ocean in influencing (i.e., initiating,
regulating, and modulating) seasonal, interannual,
and longer time scale climate anomalies both region-
ally and hemispherically. The key to an improved un-
derstanding of the climatic influence of the tropical
Atlantic Ocean is a better appreciation for the proc-
esses that determine the space-time variability in
SST within the basin. Superimposed on the mean
seasonal cycle are two types of ocean-atmosphere
variability. One potential mode of variability, which
has no counterpart in the Pacific, is characterized by
a north-south interhemispheric gradient in SST. This
so called Atlantic dipole consists of anomalies of op-
posite sign in each hemisphere with seasonal, inter-
annual, and decadal time scales. The occurrence of
these antisymmetric SST anomalies is not always si-
multaneous and there is considerable debate regard-
ing whether the northern and southern components
are dynamically related in the form of a coupled
mode. Notwithstanding this, changes in the meridi-
onal gradient in SST are highly correlated with the
north-south translation of the ITCZ and its influence
on continental precipitation over South America and
Africa.
A second type of climate variability in the trop-
ical Atlantic is similar to the ENSO mode in the Pa-
cific, with attributes centred mainly near the equator.
This equatorial mode, like the interhemispheric di-
pole, varies on seasonal to interannual time scales.
During a warm phase, tradewinds in the western
equatorial Atlantic are weak and SST near the equa-
tor is unusually high, especially in the east. During a
cold phase, the tradewinds in the western equatorial
Atlantic are strong and SST near the equator is anom-
alously low. The onset of an equatorial cold or warm
event can occur rapidly on time scales of weeks to
months, involving the excitation and propagation of
wind-forced equatorial Kelvin and Rossby waves.
Climatic impacts of equatorial warm events include
increased rainfall in the Gulf of Guinea and the dis-
ruption of the marine ecosystem in the Benguela cur-
rent region.
The in situ observation system in the tropical
Atlantic Ocean consists primarily of volunteer ob-
serving ships. The space-time coverage of these ob-
servations is insufficient for monitoring the
interannual variability across the basin. Recently, a
Pilot Research Array in the Tropical Atlantic (PIRA-
TA) has begun to be implemented to provide an im-
proved description of the seasonal to interannual
variability in the upper ocean and at the air-sea inter-
face. Following the success of the TAO Array of
moored buoys in the tropical Pacific, the joint Brasil-
France-US PIRATA programme will deploy 12
moored ATLAS buoys between 1997 to 2000 for
monitoring the surface variables and upper ocean
thermal structure at key locations in the tropical At-
lantic (Figure 2).
 
Fig. 2: Array design and deployment schedule for
the PIRATA moorings in the tropical Atlantic.
 
The PIRATA array has been designed to pro-
vide an improved understanding of the relative con-
tributions of the different components of the surface
heat flux and ocean dynamics to the seasonal and in-
terannual variability of SST within the tropical At-
lantic basin. The deployment of the first PIRATA
moorings came at an opportune time as the tropical
Atlantic Ocean was undergoing a significant anoma-
lous warming (Figure 1) coincident with the ENSO
event in the Pacific basin. More information on PI-
RATA and the real-time data stream can be obtained
from: 
http://www.ifremer.fr/orstom/pirata/pirataus.html.
Antonio J. Busalacchi received his Ph.D. in
oceanography from Florida State University in 1982.
He has studied tropical ocean circulation and its role
in the coupled climate system. His interests include
the development and application of numerical mod- 
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how to measure air sea ﬂuxes and energy balance
of the atmosphere, the NAO with apparent interac-
tion with the stratospheric polar vortex, and a
white/red noise model for the ocean.
The second day of the meeting started with
some brief presentations of related and relevant activ-
ities. C. Wunsch spoke about global ocean data assim-
ilation followed by a presentation of B. Owens on the
proposed ARGO array, a global array of 3,000 PAL-
ACE floats of which order 750 per year are to be de-
ployed to monitor the upper 1,000 meters of
temperature and salinity. B. Molinari talked about the
ACCE cross gyre exchanges being measured with
floats and drifters whereas M. Visbeck reviewed some
of the European activities in the Atlantic. W. Robin-
son presented AGCM responses to mid-latitude SST
anomalies, followed by R. Saravanan speaking on
coupled model responses to SST as they compare with
correlation analyses of observations. 
In summary there is little evidence of the NAO being
a coupled mode in terms of the mid-latitude atmos-
phere responding to sea surface temperature anoma-
lies. It was evident that there was a certain amount of
“hope” from some of the oceanographers in attend-
ance that there might exist a coupled mid-latitude SST
atmosphere mode. In terms of predictability, the pros-
pects are much better in the tropics for coupled mode
behaviour. In terms of the clarity of understanding at
this point, there was mention that the order might rank
tropical dipole, North Atlantic Oscillation, and then
the link between the two phenomena.
The participants formed two new working
groups, one addressing numerical studies and the oth-
er one working on historical data. 
The working group on historical data came out with
two major recommendations. One was to secure re-
sources to establish an Atlantic Climate Variability
Data Center and the other was the need for strong con-
nection to the Paleo climate community. 
The modelling group addressed the issues related to
the tropics and to the NAO / resp. anthropogenic
change separately.
The discussions for the tropics can be summa-
rized as follows: There were three main hypotheses: 
1. The Atlantic dipole as modelled by P. Chang and
that this approach was really the bottom of a
required hierarchy of systems that needed to be
considered in more sophisticated coupled models. 
2. The second hypothesis was the interaction between
tropics and subtropics for the ocean via a subduc-
tion mechanism which could be attacked initially
from an ocean only mode forced with NAO wind
patterns (and also the need to consider the links
from the south Atlantic). Next might come atmos-
pheric AGCM studies to consider the feedback
from the ocean to the atmosphere. 
3. The last hypothesis question was how do ENSO
anomalies manifest themselves over the Atlantic
Ocean? This is primarily an AGCM approach. 
For modelling issues addressing the NAO and
higher latitudes, the question involved is, how much
of the observed variability in the NAO is internal to
the atmosphere. This would require a quantification of
modes of variability in the atmosphere, how does the
atmosphere respond to SST anomalies, what are the
time scales in which the ocean is active, and the use of
ocean models as synthesis tool to perform budget ex-
periments. Another area of interest was the potential
anthropogenic affect on the collapse of the thermoha-
line cell. 
The proposed observation strategies were dis-
cussed thereafter. J. McCreary summarized the trop-
ics again starting with the three hypotheses being the
coupled dipole mode, the second being tropical sub-
tropical interactions and changes to subduction, and
the third being the ENSO influence on the Atlantic.
Most of the discussion revolved around the possible
coupled ocean atmosphere mode in the tropics. Rec-
ommendations were first to enhance PIRATA and fill
in a number of holes with extra Atlas buoys; two of









N to investigate the offshore exten-
sion of coastal upwelling affected by dry air being ad-
vected off of northwest Africa, and the role of aerosols
on the radiation in the region. A third mooring would





line in a region that has a significant SST signal for the
dipole. Also, this is a region that has important chang-
es on ENSO time scales. A fourth mooring would be
in the southeastern tropical Atlantic off the coast of
Africa underneath the stratus deck and the fifth would
be in the south Atlantic farther to the west of the PI-
RATA mooring line. A second enhancement would
be the deployment of order 85 surface drifters, a third
would be the reliance on the ACVE PALACE floats





S, fourth was the need to maintain
the existing tide gauges, and fifth was the need to
maintain the existing radiosonde network. With re-
spect to tropical subtropical interactions, the PAL-
ACE floats would provide important observations of
the variability of the subtropical overturning. With re-
spect to the ENSO affect on the Atlantic, there is a
need to maintain and possibly enhance radiosondes
along the line of the Antillies. N. Hogg then presented
the summary for mid-latitudes. Here the overarching